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IrisCurrent video eye trackers use information about the pupil center to estimate orientation and movement
of the eye. While dual Purkinje eye trackers suffer from lens wobble and scleral search coils may be inﬂu-
enced by contact lens slippage directly after saccades, it is not known whether pupil-based eye trackers
produces similar artifacts in the data. We recorded eye movements from participants making repetitive,
horizontal saccades and compared the movement in the data with pupil- and iris movements extracted
from the eye images. Results showed that post-saccadic instabilities clearly exist in data recorded with a
pupil-based eye tracker. They also exhibit a high degree of reproducibility across saccades and within
participants. While the recorded eye movement data correlated well with the movement of the pupil cen-
ter, the iris center showed only little post-saccadic movement. This means that the pupil moves relative
to the iris during post-saccadic eye movements, and that the eye movement data reﬂect pupil movement
rather than eyeball rotation. Besides introducing inaccuracies and additional variability in the data, the
pupil movement inside the eyeball inﬂuences the decision of when a saccade should end and the subse-
quent ﬁxation should begin, and consequently higher order analyses based on ﬁxations and saccades.
 2013 Elsevier B.V. All rights reserved.1. Introduction
When looking at eye movement data, many saccades are fol-
lowed by a period of ocular instability before reaching a steady-
state value. Such post-saccadic instabilities occur in a number of
shapes and have been referred to as dynamic overshoot (Kapoula,
Robinson, & Hain, 1986), glissades (Bahill, ClarkStark, & Stark,
1975), and post-saccadic oscillations (Eizenman, Frecker, & Hallett,
1984). Their common denominator is that they describe a devia-
tion from what is considered to be the ideal post-saccadic behav-
ior, i.e., a stable transition between the saccade and the following
eye movement. Bahill, Clark, and Stark (1975) distinguish between
three types of post-saccadic overshoots: dynamic, glissadic, and
static. Dynamic overshoot is described as a rapid (10–100 deg/s)
movement in the eye-tracker signal that appears directly after a
saccade, with no delay, but in the opposite direction of the saccade
(Bahill, Clark, & Stark, 1975). Glissades refer to slower (2–10 deg/s)
eye movements, and static overshoot represents the situation
where no immediate correction of the eye is made after the sac-
cade offset. In the remainder of this paper, the instabilities that ap-
pear in eye movement data recorded directly after a saccade will
be denoted post-saccadic oscillations (PSO). Dynamic overshootwill be considered a subset of PSOs and typically comprises the
peak of the ﬁrst oscillation.
PSOs have been reported in data recorded from a range of
healthy participants and with different recording techniques. Early
recordings by Byford (1962), for instance, found dynamic over-
shoots in eye movements recorded with an electric lamp mounted
on an aluminum stalk attached to a contact lens, and cite earlier
studies that found overshoots using other recording techniques.
While their exact causes have been debated and their prevalence
seem highly dependent of the recording technique (e.g., Deubel &
Bridgeman, 1995a), PSOs have shown to inﬂuence fundamental as-
pects of eye movement behavior—such as ﬁxation and saccade
durations—by at least 20 ms (McConkie & Loschky, 2002; Nyström
& Holmqvist, 2010). Inspired by Deubel and Bridgeman (1995a)
investigating PSO in dual Purkinje (DPI) eye-trackers, the aim of
the paper is to gain a better understanding of the occurrence and
origin of PSOs recorded with state-of-the-art pupil and corneal
reﬂection based eye trackers.
Dynamic overshoot has been hypothesized to have a neural ori-
gin. Bahill, Clark, and Stark (1975) argue based on the Clark-Cook-
Stark model of the extraocular plant that, since the eye is naturally
overdamped, the underdamped nature of dynamic overshoot must
be controlled by neural rather than mechanical factors. Overshoot
has been reported to be a monocular eye movement (Bahill, Clark,
& Stark, 1975; Kapoula, Robinson, & Hain, 1986) that appears in the
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useful purpose’’ (Kapoula, Robinson, & Hain, 1986). In line with this
argumentation, Abadi, Scallan, and Clement (2000) suggest that
the overshoot represent the ‘‘velocity overspill’’ from neural com-
mands required to initiate a saccade. It has been reported to occur
in the majority of saccades, to be more common for small saccades,
and appears to be highly idiosyncratic in nature (Bahill, Clark, &
Stark, 1975; Kapoula, Robinson, & Hain, 1986; Nyström & Holmq-
vist, 2010).
There is ample evidence that the recording technique inﬂuences
the dynamics of PSO. The most prominent example is perhaps the
overshoots in the dual Purkinje (DPI) eye-tracker, which uses the
reﬂection on the corneal surface and the reﬂection on the back of
the lens (the ﬁrst and fourth Purkinje images) to estimate the gaze
direction. The overshoots in DPIs have been attributed to relative
motion between the lens and the corneal surface that lasts about
40 ms (Crane & Steele, 1985). They also appear to be larger at near
than far accommodation due to the reduced tension of the zonular
ﬁbers in the accommodated state (He et al., 2010).
In scleral search coils, which by many are considered the gold
standard to measure eye movements, there are also reasons to
investigate how accurately the saccade endings and post-saccadic
movement are represented. Van der Geest and Frens (2002) raise
the issue of whether the visco-elastic coupling between the coil
and the cornea may lowpass ﬁlter the eye movements, which they
report were slower in recording made by coils compared with
those made by a video based eye-tracker. In line with this argu-
mentation, Träisk, Bolzani, and Ygge (2005) found it reasonable
to assume that the annulus of the coil could slip in relation to
the cornea, and that this could explain the lower velocity found
with coils. As an alternative explanation to the slower saccadic
velocities with coil recordings, Frens and Van der Geest (2002) sug-
gest that the coils could affect the neural commands that initiate
and drive saccades. If this was the case, the control signals inﬂu-
encing PSOs may be modiﬁed in a similar manner. Smeets and
Hooge (2003) concluded that coils no longer can be regarded the
gold standard since they also introduce additional variability in
the eye movements.
For the past 20 years, scleral search coils and DPIs are compet-
ing with a rapidly growing market for non-invasive and easy to use
video-based eye trackers using the pupil and corneal reﬂection(s)
(CR) to estimate the gaze direction. Given the potential sources
of error when measuring post-saccadic eye movements with coils
and DPIs, there is surprisingly little work investigating PSOs in cur-
rent state-of-the-art video based eye-trackers such as the EyeLink
1000 (SR-Research, Mississauga, Ontario, Canada) or the Hi-Speed
500 Hz system from SensoMotoric Instruments (Berlin, Germany),
even though they clearly exist in data recorded with these systems
(e.g., Havermann & Lappe, 2010; Nyström & Holmqvist, 2010). Do
these modern, pupil-based eye trackers provide an accurate record
of eyeball rotation or are there, as in DPIs and scleral search coils,
reasons to doubt how closely the eye-tracker data reﬂect post-
saccadic eye movement? On the latter account, Inhoff and Radach
(1998) argue that the oscillations presumably reﬂect the onset of
vergence movements, but also speculate that part of the PSOs
may be explained by pupil motion relative to the eyeball. Recently,
Kimmel, Mammo, and Newsome (2012) provide similar arguments
when comparing eye movements in monkeys recorded simulta-
neously by search coils and an EyeLink 1000. They argue that the
larger degree of PSO observed in the EyeLink data could be due
to the fact that the techniques are measuring different ocular
structures, where the EyeLink system measures the pupil in a
non-rigid iris. However, they do not provide any direct evidence
in support of this argumentation. In this paper, we pursue these
conjectures by explicitly and systematically measuring to what
extent post-saccadic eye movements represent the movement ofa rigid eyeball, or whether additional movements occur that can
be explained by the particular recording principle (pupil/CR) used
in this system. This is done by comparing eye movement data with
movement of the pupil and iris centers in the eye images. To
reduce the risk that the oscillations are artifacts of a particular sys-
tem or method to analyze the eye images, two experiment using
different eye trackers and analysis methods were conducted.2. Experiment 1
2.1. Participants and apparatus
Three participants—two of the authors (ID: P1/age: 34/gender:
m, and P2/48/m) and one naive (P3/31/m)—took part in the exper-
iment. Eye movement data and eye images were recorded from the
participants’ left eyes with the Hi-Speed 500 system from Sen-
soMotoric Instruments (Berlin, Germany) at 500 Hz running iView
X (v. 2.7.13). The eye images were eight bit gray scale images with
resolution 224  160 pixels.
Stimuli were presented with Matlab (v. 7.11.0, R2010b) and the
Psychophysics Toolbox (v. 3.0.9, rev. 2450) on a Samsung Syncmas-
ter with a resolution of 1280  1024 pixels and a refresh rate of
60 Hz. The physical dimensions of the screen were
380  300 mm and it spanned 31.7  25.6 to a participant sitting
670 mm in front of it. Participants’ heads were immobilized with a
forehead-, and chin rest.
2.2. Stimulus and procedure
The stimulus consisted of circular, black dots presented on a
white background. The diameter of each dot was 0.35.
Each participant made 50 leftwards, abducting saccades from a
dot presented at position (x,y) = (1180,256) toward a dot at posi-
tion (640,256), i.e., a distance of 13.4. The origin of the coordinate
system was located in the upper left corner of the screen. The
rightward dot was presented for three seconds and directly after
it disappeared, the saccade target appeared for one second. The
task was simply to look at the dots. Eye movements and eye
images were recorded from the onset of each saccade target, and
for 1000 ms onward.
Abducting saccades were chosen since previous research has
shown that they exhibit larger overshoots than adducting saccades
(Abadi, Scallan, & Clement, 2000; Kapoula, Robinson, & Hain,
1986). The saccade amplitude was selected to maximize the sac-
cade velocity given the experimental setup, and thus increase the
likelihood of observing PSO. Finally, horizontal saccades were se-
lected over vertical or oblique saccades for practical reasons since
it is difﬁcult to extract the vertical iris center due to occlusion of
the upper and lower edges of the iris in the eye image. Horizontal
saccades also represent the most frequent saccade direction in
everyday scene inspection (Tatler & Vincent, 2008).
2.3. Data analysis
The left and right borders of the pupil and iris were detected
from each eye image. Since the saccades were executed horizon-
tally, only vertical pupil and iris borders were of interest. The prob-
lem of detecting borders can therefore be simpliﬁed by extracting a
number of rows from the eye image intersecting the pupil, and use
the changes in pixel intensity between the pupil (low intensity),
iris (medium intensity), and sclera (high intensity) to detect the
borders. To do so, a part of the eye image was manually selected
to exclude irrelevant parts outside of the sclera. Fig. 1a illustrates
such a selection. To remove the black and white crosshairs origi-
nating from the eye tracker’s internal detection of the pupil and
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Fig. 1. Analysis of eye images captured with the Hi-Speed 500 system. (a) Pupil and iris borders are detected by extracting the rows in the eye image directly above and below
the pupil center (outlined by a white, horizontal line). (b) These line are combined to create a proﬁle of the pixel intensity across these rows. As illustrated in the ﬁgure, the
left edge of the iris is detected as the center point on line that is ﬁtted to the values on the iris border. The other iris edge and pupil edges are detected in a similar manner. The
dashed horizontal lines in the ﬁgure represent the pixel intensity of the iris and sclera, respectively.
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els large neighborhood, followed by a bicubic interpolation with a
4  4 pixels large neighborhood to increase the resolution by a fac-
tor two. The horizontal pixel intensity signal, as exempliﬁed in
Fig. 1b, was generated by selecting the two rows directly above
and below the pupil center, and computing their average.
Pupil borders were initially detected from the intensity signal
by subtracting neighboring values in the signal, and detecting the
two peaks originating from the sharp transitions from dark (pupil)
to gray (iris). The peaks were identiﬁed as values three standard
deviations larger than the signal average. To estimate the location
of the pupil edges on a subpixel level, a line was ﬁtted1 to the signal
values comprising each border. The edge location was then found as
the intersection of the ﬁtted line and two lines representing the gray
values of the pupil and the iris. The gray value of the pupil was cal-
culated as the average value of pupil-pixels from the initial detec-
tion, and the iris gray value was computed from n pixels directly
outside of the pupil region. The value n was manually selected from
one eye image for each participant. The iris borders were detected in
a similar manner, now by ﬁnding the intersection between the ﬁtted
line and the lines comprised by the iris gray value and the gray value
of the sclera. The latter was deﬁned as the average value of all pixel
intensities to the left and right of the iris, respectively. Fig. 1b illus-
trates the result of applying the ﬁtting procedure to the left iris bor-
der, and Fig. 1a shows the eye image with all pupil- and iris borders
detected. The quality of the pupil and iris signals were estimated by
calculating the precision from samples in the interval [6,23] samples
([12,46] ms) after the peak of the ﬁrst overshoot in the pupil signal.
Precision was deﬁned as the root mean square of intersample
distances.
Only horizontal components of the eye movement data were
considered. To make sure that the collected data reﬂect eye move-
ments related to the task, only saccades starting within two de-
grees of the rightward stimulus dot, having a latency larger than
80 ms, and reaching an amplitude within 75–125% of the target
amplitude were included. Finally, the saccades were aligned tem-
porally such that they reached their maximum velocity at the same
time on a new common timeline. The most oscillating part of the
signal was selected for analysis, starting at the peak of the ﬁrst
overshoot, i.e. the ﬁrst local minimum in velocity after the peak
velocity of the saccade, and ending 20 samples (40 ms) later. The1 Using robustfit in Matlab.amplitude of the signal was deﬁned as the difference between
the maximum and the minimum value of the signal within this
interval.
Analogous to the well known event-related potential (ERP)
averaging method, we present data averaged over all recorded
saccades.2.4. Results
Fig. 2 shows data for all included saccades with the recorded
eye-tracker signal in the left column (a), (c), (e) and the signals ex-
tracted from the eye images in the right column (b), (d), (f). Start-
ing with the eye-tracker signals, it can clearly be seen that the PSOs
are systematic across saccades within each participant; the major-
ity of signals follow the same horizontal path. The oscillations have
amplitudes between 0.5 and 1 and last for about 30–40 ms from
the peak of the ﬁrst overshoot until the signal has reached its stea-
dy-state value.
When inspecting the motion of the pupil and the iris centers it
can been seen that—while the pupil motion is closely correlated
with the eye-tracking signal—the iris center oscillates with a smal-
ler amplitude than the pupil. In addition, the initial return phase of
the overshoot appears quicker in the pupil than in the iris. How-
ever, the exact spatial and temporal synchrony between the pupil
and the iris seems largely idiosyncratic. These observed effects
have been quantiﬁed in Table 1.3. Experiment 2
3.1. Participants and apparatus
Three participants—two of the authors (ID: P1/age: 34/gender:
m, and P4/46/m) and one naive (P3/31/m)—took part in the exper-
iment. To facilitate between-eye-tracker comparisons, two of the
participants from the ﬁrst experiment also took part in the second
experiment. Eye movement data and eye images were recorded
with the Hi-Speed 240 system from SensoMotoric Instruments
(Berlin, Germany) at 240 Hz using iView X (v. 2.2.4). The eye
images were eight bit gray scale images with resolution
320  200 pixels. To be able measure eye position and save eye
images concurrently with this older system, the original SMI eye-
tracking computer (Pentium 4) was replaced by a fast and modern
Fig. 2. Eye-tracker signals (left column) and movements from the pupil- and iris centers (right column). Data were recorded with the SMI Hi-Speed 500 system. T denotes the
period of the oscillation of the pupil.
Table 1
Analysis of eye images recorded with the Hi-Speed 500 system. Aspects of similarity between the eye movement data, the pupil motion, and the iris motion. rp and ri denote the
correlation between the eye movement data and the pupil center (p) as well as the correlation between the eye movement data and the iris center (i). ti  tp denotes difference in
time between the peak of the overshoot in the iris and the pupil data. A positive value means that the peak is reached faster in the pupil data. Ai/Ap quantiﬁes the ratio between
the amplitude of the iris oscillation and the pupil oscillation. cp and ci denote the precision of the pupil and iris signals in pixels. Finally, Nvalid represents the number of saccades
that passed the checks described in Section 2.3.
ID Nvalid rp ri ti  tp (ms) Ai/Ap cp (pix.) ci (pix.)
P1 31 0.89 ± 0.06 0.39 ± 0.15 1.07 ± 2.33 0.72 ± 0.26 0.34 ± 0.08 0.25 ± 0.12
P2 42 0.87 ± 0.12 0.13 ± 0.29 2.62 ± 2.38 0.89 ± 0.42 0.22 ± 0.08 0.28 ± 0.06
P3 48 0.84 ± 0.11 0.05 ± 0.29 1.33 ± 2.72 0.76 ± 0.39 0.31 ± 0.10 0.29 ± 0.06
62 M. Nyström et al. / Vision Research 92 (2013) 59–66computer (Core i7 equipped with a SSD instead of a mechanical
hard drive). The setup was otherwise identical to Experiment 1.
3.2. Stimulus and procedure
The stimulus and procedure were similar as in Experiment 1
with the following differences. First, a white dot was presented
on a black background. Second, the presentation time of the right-
ward dot was randomly chosen from the interval 1300 to 1800 msto reduce the number of anticipatory saccades to the center. The
duration of center dot was shortened to 500 ms, to decrease the
duration of the experiment.
3.3. Data analysis
In the analysis we estimated the positions of pupil- and iris cen-
ters by calculating the position of the pupil- and iris borders in the
eye image (Fig. 3) with the following recipe:
M. Nyström et al. / Vision Research 92 (2013) 59–66 631. Selection of the horizontal line that yields the pupil center. In
the present experiment the centerline was handpicked for each
participant.
2. To increase signal to noise ratio in our data, we averaged gray
value data from 13 horizontal lines (from 6 lines above to 6
lines beneath the center line) from the eye image (top panel
Fig. 3).
3. To determine pupil and iris borders (which appear as gray value
transitions) in the eye image, we used the highest peaks of a
low pass ﬁltered spatial derivative (Fig. 3 bottom panel). This
signal was determined in two steps by ﬁtting a second order
polynomial through gray values of 2n + 1 neighboring pixels
and subsequently differentiate the obtained polynomial. The
spatial derivative represents gray value change per pixel (ana-
logue to velocity) for the center pixel (of the 2n + 1 pixels). This
procedure was repeated for all pixels (except the ﬁrst n and last
n pixels). We used n = 6 pixels (determined empirically)
because we are neither interested in small local gray value dif-
ferences nor larger scale variations of gray value. The setting
n = 6 worked well with data from all participants in this exper-
iment. However, the choice of n = 6 was not critical for the
results; changing the setting to n = 5 and n = 7 had very little
impact on the results.
4. Iris and pupil borders represented the four highest peaks of the
derivative (vertical, dashed lines in the bottom panel of Fig. 3).
For most participants and most trials the ﬁrst four big peaks in
the derivative correspond respectively with the left iris border,
the left pupil border, the right pupil border, and right iris bor-
der. For each trial (containing one saccade from right to left),
we computed pupil and iris centers from each eye image as
function of time.
5. To be able to measure a reliable PSO, we decided to determine
the average of all saccade endings. To compute the average sac-
cade (Fig. 4), episodes in the data containing saccades were
aligned by detecting the onset of each saccade and temporally
shifting the data accordingly. Saccade onset determination
was done by detecting ﬁxations by an adaptive velocity thresh-
old method. To determine eye velocity we took two steps. First
we ﬁtted a second order polynomial through three subsequent
data points. Then we took the time derivative of the ﬁtted50 100 150 200 250 300
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Fig. 3. Analysis of eye images captured with the Hi-Speed 240 system. The vertical
lines in the plot indicate where the edges of the pupil and the iris are located.polynomial to estimate the value of the velocity of the second
(center) data point. This procedure was repeated for all data
points (except the ﬁrst and the last). A second order polynomial
always ﬁts perfectly through three points, therefore the data is
not low pass ﬁltered. We determined saccade onset of the ﬁrst
saccade with a ﬁxation detection algorithm. In this algorithm,
everything that is not a saccade is called a ﬁxation. To remove
the saccades from the signal we calculated average and stan-
dard deviation from the absolute velocity signal. All data points
having absolute velocities higher than the average velocity plus
three times the standard deviation were removed. This proce-
dure was repeated until the velocity threshold converged to a
constant value or the number of repetitions reached 50. The last
sample of the initial ﬁxation was taken as saccade onset.
6. Removal of trials. Trials containing starting positions of the
pupil center located more than three standard deviations away
from the average starting position were excluded from further
analysis. So were trials where the sample-to-sample distance
exceeded seven pixels since this was indicative of one-sample
spikes in the position data. Due to noise and iris variations,
the algorithm sometimes selects the wrong peak in an individ-
ual eye image, which generates a spike in the signal.
The precision of the pupil and iris signals was calculated as de-
scribed in Experiment 1 from the interval [3,11] samples ([12.6,
46.2] ms).
The validity checks of the eyemovementdatawere the sameas in
Experiment 1. Due to the lower sampling frequency in this experi-
ment, a window of 10 samples (41.7 ms) was selected for analysis,
again starting at the peak of the ﬁrst overshoot in the signal.3.4. Results
Fig. 4 shows eye-tracking signals and the average positions of
the pupil and iris centers during and directly after the end of a sac-
cade. Analogous with the main observations from Experiment 1, it
can be seen that the saccades are reproduced across participants,
the eye movement data are well correlated with the pupil move-
ment, the pupil oscillates with a larger amplitude than the iris,
and the peak of the overshoot occurs earlier in the pupil signal than
the iris signal. Table 2 summarizes these quantitative differences
between the eye movement data and the pupil- and iris motion ex-
tracted from the eye images. It can also be observed that a partic-
ipant’s saccade dynamics retain their main characteristics across
the two eye trackers. P3’s PSOs have an average amplitude (differ-
ence between peak of ﬁrst overshoot and the subsequent local
maxima) of around 0.51 in the 500 system and 0.56 in the 240
system. The periods T of the oscillations were 34.0 ms and
36.5 ms, respectively. Visual inspection of P3’s pupil and iris sig-
nals indicates that both the absolute motion of the pupil and the
iris, and their relative motions are very similar across the two sys-
tems. The PSOs of P1 appear somewhat more different at a ﬁrst
glance. However, both the amplitude and the period of the oscilla-
tions are consistent across the systems; the amplitude changes
from 0.89 in the 500 system to 1.0 in the 240 system. The period
differs on average with 1 ms (26.0 ms for the 500 system compared
to 25.0 ms for the 240 system). From the pupil and iris signals, it
appears as if the entire eyeball oscillates slightly more when P1
is recorded with the 500 Hz system, reﬂected by an increased
amount of oscillation of both the pupil- and the iris centers.4. Discussion
Accurate measurements of eye movement dynamics at saccade
endings are important when investigating ﬁne-grained question
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Fig. 4. Average position of the pupil and iris centers during saccades. Eye images were recorded with the SMI Hi-Speed 240 system.
Table 2
Analysis of eye images recorded with the Hi-Speed 240 system. rp and ri denote the correlation between the eye movement data and the pupil center (p) as well as the correlation
between the eye movement data and the iris center (i). ti  tp denotes difference in time between the peak of the overshoot in the iris and the pupil data. A positive value means
that the peak is reached faster in the pupil data. Ai/Ap quantiﬁes the ratio between the amplitude of the iris oscillation and the pupil oscillation. cp and ci denote the precision of
the pupil and iris signals, respectively. Finally, Nvalid represents the number of saccades that passed the validity check.
ID Nvalid rp ri ti  tp (ms) Ai/Ap cp (pix.) ci (pix.)
P1 38 0.79 ± 0.17 0.16 ± 0.51 5.19 ± 8.72 0.58 ± 0.28 0.41 ± 0.13 0.42 ± 0.21
P3 24 0.76 ± 0.27 0.11 ± 0.39 3.15 ± 9.43 0.72 ± 0.37 0.38 ± 0.11 0.41 ± 0.17
P4 32 0.42 ± 0.41 0.18 ± 0.39 7.00 ± 5.59 1.03 ± 0.60 0.31 ± 0.12 0.40 ± 0.14
64 M. Nyström et al. / Vision Research 92 (2013) 59–66about the oculomotor system. Today, instead of using uncomfortable
scleral search coils or hard to use dual Purkinje eye trackers (DPIs),
such investigations typically use video-based eye trackers based on
the principle of pupil and corneal reﬂection. Analogouswith the ﬁnd-
ingbyDeubel and Bridgeman (1995a) attributing post-saccadic oscil-
lations inDPI eye trackers tomotion of the lenswithin the eyeball, we
found a relative motion between the iris- and the pupil centers that
explains a large amount of the oscillation in the eye-tracking signal;
thepupil oscillatedwitha largeramplitude, andstarted theoscillation
earlier than the iris. The ﬁndings were replicated with two differenteye trackers and independently developed methods to analyze the
recorded eye images. Instead of providing an accurate measure of
eyeball rotation directly after a saccade, data from pupil-based eye
trackers therefore reﬂect a superimposed signal from the motion of
the eyeball and the motion of the pupil relative to the eyeball.
These results conﬁrms and extends the speculations by Inhoff and
Radach (1998) and Kimmel, Mammo, and Newsome (2012), who
come to a similar conclusion when explaining the difference in eye
movement data recorded from monkeys using search coils and an
EyeLink 1000.
2 https://www.youtube.com/watch?v=Fmg9ZOHESgQ, https://www.youtube.com/
watch?v=ySMtB5nWxPs.
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using pupil-based eye trackers. First, the relatively high velocity
of PSOs can extend the duration of saccades by at least 20 ms
(McConkie & Loschky, 2002; Nyström & Holmqvist, 2010), when
event detection algorithms that use dispersion and velocity thresh-
olds are used to decide the saccadic offsets. Consequently, the on-
set and duration of ﬁxations are similarly affected but in the
opposite direction. Calculating accurate ﬁxation onsets is critical
for research using gaze contingent manipulations where a change
in stimulus triggered during a saccade needs to be completed be-
fore visual intake begins at the beginning of the next ﬁxation. Even
though 20 msmay sound short and perhaps negligible, small errors
in event calculation can propagate and affect higher order analyses
of eye movement data. Second, the fact that post-saccadic data are
contaminated by pupil motion raises the question of how accu-
rately data from a pupil based eye-tracker reﬂect other aspects of
eye movements. Deubel and Bridgeman (1995a) found that DPI
eye trackers, besides producing large PSOs, overestimate the peak
velocity of saccades due the ‘lens wobble’. Scleral search coils in-
stead seem to underestimate the saccadic velocity and represent
‘‘a ﬁltered version of the actual eye movement’’ (Frens & Van der
Geest, 2002). Finally, it is unclear whether the ‘pupil wobbles’ that
we observe in this paper have any perceptual consequences, given
that the position and size of the pupil determines which light that
falls on the retina. Given the ﬁndings by Deubel and Bridgeman
(1995b) on the inﬂuence of lens wobble on perception, our results
warrant future investigations on the effects of pupil instability on
perception. However, although the displacement of the pupil dur-
ing PSO produces a transient change in luminance we would, due
to the Stiles–Crawford (SC) effect, expect a small inﬂuence on the
retinal image as a results of this. The SC effect refers to the fact that
light entering the eye near the edge of the pupil has a much weaker
photoreceptor response than light entering through the center of
the pupil (Westheimer, 2008).
Since the three eye-tracking techniques discussed in this paper—
scleral search coils placed directly on the surface of the eye, DPIs
using the ﬁrst and fourth Purkinje images, and pupil and corneal
reﬂection based tracking—all seem to have problem to accurately
capture eye movement directly after the end of saccades, can we
really say anything about the true nature of post-saccadic eye move-
ments? Are they real eye movements or simply artifacts of the
instrument that the eye movements are recorded with? Given that
PSOs have been reported with a large number of recording devices
over several decades seems to point at the former explanation
(see e.g., Byford, 1962, and the papers cited therein). Moreover, PSOs
can be seen as a movement of the iris center in raw image our data,
and have been reported in data recorded with limbus-based track-
ers, which do not use information about the pupil (Abadi, Scallan,
& Clement, 2000). Finally, they have been reliably recorded with
scleral search coils (Kapoula, Robinson, & Hain, 1986), even though
they have been hypothesized to lowpass ﬁlter the eye movement
data (Frens & Van der Geest, 2002), and possibly attenuate the oscil-
lations. However, without a truly objective and accurate record of
eyeball rotation, it is difﬁcult to draw any deﬁnite conclusion. It is
important to note that all these systems may be considered to pro-
vide accurate data, given that accuracy is deﬁned as the ability to
provide a valid record of the ocular structure being measured by a
particular system (Kimmel, Mammo, & Newsome, 2012). It should
also be noted that there are non-invasive recording techniques that
can reveal the inﬂuence of lens wobble on potential distortion of the
retinal image. One example is retinal imaging with a scanning laser
ophthalmoscope (Sheehy et al., 2012).
The PSO appearing in the eye-tracker signal as a result of pupil
motion raises the question of how data from pupil-based eye track-
ers should be treated. On the one hand, one could argue that they
are artifacts that should be removed from the signal. This, however,would require an accurate mathematical model of the relationship
between the motion of the eyeball and the motion of the pupil,
otherwise there is a risk that the model introduces new artifacts
rather than removing the movement originating from pupil oscilla-
tions. On the other hand, they could be measured and quantiﬁed,
and the choice of how to treat them could be left to the individual
researcher and her speciﬁc research questions. One could even
speculate of possible clinical uses for measuring the degree to
which the pupil is free to move inside the iris. Such development
has occurred in the wake of the results by Deubel and Bridgeman
(1995a), where He et al. (2010) quantify lens wobble in presbyopes
with the DPI eye tracker.
The pupil movement inside the iris suggests that there is a
deformation of the internal structure of the iris during and directly
after saccades. Based on previous result showing that the lens
oscillates at the end of saccades and that the lens is in direct prox-
imity with the pupil, it tempting to explain PSO as a result of the
lens wobble. This hypotheses is further substantiated in recent
work by Hutton (2013) who shows that, like lens wobbles, PSO in-
creases with accommodative effort. However, whether the lens is
the main source of the PSO remains to be proven. Further empirical
evidence of the coupling between the lens and the pupil movement
could be explored by looking at pre-saccadic oscillations or ‘back-
shoot’ using the terminology from Deubel and Bridgeman (1995a).
More research using cameras with higher spatial and temporal
resolution is required before the PSOs and the nature of the deforma-
tion canbe fully understoodandexplained. Twovideospubliclyavail-
able on YouTubeprovide someevidence on how the iris is deformed.2
While the elastic properties of the iris and the dynamics of the pupil
have been investigated in several papers, themajority of investigations
seem to have been donewith a ﬁxating eye (e.g., Lei et al., 2008). To our
knowledge, there are no investigations of the relationship between iris
and the pupilmovements directly after the end of a saccade and, in par-
ticular, no previous work that discusses the implications of this in the
context of eye movement research.
It is currently unclear how these results generalize to a larger
group of people. Since the elastic properties of the iris vary across
different populations, there are likely participants who have more
or less prevalent PSO than those tested in this paper. Future work
will investigate whether PSOs are particularly common in a partic-
ular group of people, for instance people of different ages.
In summary, we found that the pupil moves inside the iris and
therefore pupil-based eye trackers do not accurately represent
post-saccadic rotations of the eyeball. As a consequence, the PSOs
reported by such eye trackers are exaggerated, and represent a sig-
nal that consists of (at least) a combination of eyeball rotation and
pupil movement. These results have implications for event detec-
tion and are important for researchers who need detailed records
of eyeball rotation to answer ﬁne-grained questions about the ocu-
lomotor system and its impact on visual information processing.Acknowledgments
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